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ABSTRACT Measuring the electromagnetic properties of materials has important applications in many
fields. In this paper, two electrically small sensors based on the split ring resonators (SRRs) with extended
long legs, i.e., two-layer and three-layer magnetic coupled SRRs, are proposed to measure the permittivity of
small samples of unknown materials. By virtue of the characteristics of SRRs, the proposed resonators have
several merits, such as extremely compact size (0.067λ0×0.067λ0 and 0.052λ0×0.052λ0 for two-layer and
three-layer magnetic coupled SRRs, respectively), high quality factor (Q), and stable resonance. Especially,
the proposed three-layer magnetic coupled sensor with opposite splits on the SRRs is able to further improve
the quality factor and have better stability compared with the two-layer coupled sensor. By different shifting
resonant frequencies instead of the single ones and the polynomial fitting method, the proposed sensors can
accurately calculate the unknown permittivity. Simulated and experimental results have validated the efficacy
of the proposed approach and designs. With the features of compact size and lower far-field radiation, the
proposed resonators can be combined with various permittivity measurement algorithms to improve the
measurement accuracy in a wide range of environments beyond the specific experimental setup.

INDEX TERMS Permittivity measurement, resonators, split ring resonators (SRRs), magnetic coupling,
far-field radiation suppression.

I. INTRODUCTION
Permittivity is an important parameter to describe the elec-
tromagnetic properties of the dielectric materials. With rapid
development of microwave circuit technology, precise mea-
surement of the complex permittivity of a material plays
a significant role for microwave applications, which has
attracted more and more attentions from both academia and
industry [1], [2]. Recently, a variety of techniques for mea-
suring dielectric constant have been proposed for differ-
ent frequency bands in the literature [3]–[21]. In the radio
frequency and microwave bands, the methods for measur-
ing permittivity can generally be classified into two cate-
gories, i.e., the non-resonance methods and the resonance
methods. The non-resonance methods mainly include the

RF-circuit method [3]–[5], the transmission and reflection
method [6], [7], the open-ended coaxial probe method and
the free space method [8]–[10].

Owing to merits such as low cost, easy integration, real-
time monitoring, and easy miniaturization, the resonance
methods have drawn great interests [11]–[16]. The resonance
methods primarily include two types: the resonant perturba-
tion methods [11], [12] and the resonator methods [13]–[16].
In the resonant perturbation methods, a dielectric sample is
placed in a resonant cavity, which affects its resonance fre-
quency and quality factor (Q). The permittivity of the dielec-
tric sample can be then obtained by measuring the resonant
frequency shift and the Q variation of the cavity. However,
it needs a special waveguide cavity, in which the sample
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under test (SUT) can be placed conveniently. In the resonator
methods, for both contact and non-contact measurements,
the SUT can be considered as a part of the resonator and
the permittivity can be deduced from the relative resonant
frequency shift, which has a relatively high accuracy and
sensitivity [17]–[21].

In order to obtain high precision in measurement, the res-
onators with high Q are preferred [12], [15], [22]. So far,
various designs of the resonators have been proposed. In [12],
only one single split ring resonator (SRR) was used between
the transmitting and receiving probes to extract the permit-
tivity of dielectric samples. However, it is difficult to keep
the probes fixed during measurements and the dielectric
sample must have at least one flat surface greater than or
equal to the area of the SRR structure. In [13] and [14], the
microwave sensors based on complementary split-ring res-
onators (CSRRs) etched on the ground plane of a microstrip
line were proposed for dielectric characterization of pla-
nar materials. The dual port design needs relatively large
electrical size, which is particularly suitable for the lay-
ered dielectric structure. In [15], planar microwave sensors
were introduced by virtue of symmetrical split ring resonator
(SSRR) with high sensitivity and very high Q. The elec-
tric coupling with microstrip line was used for excitation,
which suffers far-filed radiation, and the measured transmis-
sion coefficient was thus susceptible to interference. In [16],
a patch antenna was used as the sensor for detection of the
layer thickness and the permittivity. Although this sensor
may have a good resolution for the thickness and dielectric
constant of multilayer dielectrics under an ideally isolated
experimental environment, some unavoidable errors due to its
very high far-field radiation can be caused by the surrounding
environment.

The SRR is a classic kind of electrically small resonator
that can be composed of the metamaterial with negative per-
meability and negative permittivity [23], and widely applied
in RF microwave devices. The electromagnetic properties of
SRRs make them very easy to be coupled by the electric
field or the magnetic field in the near field range. In addition,
the electrically small and high-Q-factor characteristics of
SRRs make them capable of effectively suppressing the far-
field radiation. Therefore, many designs for the permittiv-
ity measurement with electrically coupled SRRs have been
springing up [4], [22], [24].

Different from those in the previous literature, novel res-
onators based onmagnetic coupled SRRs are proposed herein
in this work. In virtue of excitation with electrically small
loop, which can be considered as a magnetic dipole, two
kinds of magnetic coupled resonators, i.e., two- and three-
layer resonators, based on SRRs are presented. The two-
layer magnetic coupled resonator with electrical size of
0.067λ0 × 0.067λ0 (λ0 is the wavelength of the resonant
frequency) and high Q value of about 250 is firstly analyzed.
In order to further improve the stability and suppress the
far-filed radiation of the opening resonators, a three-layer
resonator with an additional anti-symmetric SRR placed on

FIGURE 1. (a) SRR unit-cell: basic cell size, orientation of polarized field,
distribution of charge and current, and boundary conditions at the plane
of symmetry, (b) LC equivalent circuit model.

its bottom is constructed. Compared with the two-layer res-
onator, the three-layer resonator has smaller electrical size
(0.052λ0 × 0.052λ0), higher Q value (about 345), and bet-
ter stability and robustness against to the noise. With those
merits above and the opening configuration but strong ability
in anti-interference, the proposed resonators are no longer
experimental devices but practical ones that can be used in
a wide range of industry applications.

The rest of this paper is organized as follows. In Section II,
the basic theory and underlying mechanism of magnetic
coupled SRRs are explained. Then, the design principle of
the two resonators is presented and their performances are
analyzed in Sections III and IV. In Section V, the simulated
and measured results of the two resonators are compared
and the retrieval method of dielectric constant is discussed.
Finally, the conclusions are drawn in Section VI.

II. THEORY
The metamaterial element consists of a square open ring
and two extended parallel long stubs, which is considered
as a novel split ring with extended long legs, as depicted
in Fig. 1(a). As shown in Fig. 1(a), when the novel split ring
is excited by an external time-varying magnetic field directed
in the axial direction (i.e., Z-axis), an electromotive force
around the ring is generated, which produces a current in
the ring. By virtue of the long extended parallel metal stubs,
the current flows through the slot between the stubs in the
form of displacement current. The displacement current is
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concentrated along the long slot while the electric filed is
the maximum between the stubs. Actually, the symmetrical
plane (i.e., YZ plane) of the split ring can be considered
as a virtual electrical wall. As is well known, the classic
SRRs show simultaneously magnetoelectric response, where
electric dipole and magnetic dipole are along the Y-axis and
the Z-axis in Fig. 1, respectively [25]. The magnetic dipole
is the dominant excitation at the resonance. However, owing
to the pair of extended long stubs, the novel SRR acts as an
electric dipole, which is dominant at the resonance. As the
classic SRRs, owing to the electrically small size, the quasi-
static analysis method can be applied. The performance of
the novel SRR can be modeled as a self-resonant closed LC
circuit as shown in Fig. 1(b).

In the Fig. 1(b), inductance L represents the self-
inductance of SRR, and capacitance C represents the dis-
tributed capacitance between the pair of the parallel metal
stubs that can be expressed as

C = LsC ′, (1)

where C ′ is the per-unit-length capacitance along the parallel
metal strip and Ls is the length of the parallel stubs. The
resonant frequency f of SRR can be calculated as

f =
1

2π
√
LC

. (2)

In order to excite the novel split ring, a closed ring is
usually used for inducing the magnetic fields along the Z-axis
as mentioned in [26]. Different from the antenna in [26],
however, a resonator with a high Q and a low radiation
efficiency is herein preferred.

For the electrically small radiator withmulti-layer coupling
SRRs, the total electric power Ptotal provided by the coupled
loop source can be expressed as

Ptotal = Pres + Ps + Prad , (3)

where Pres is the Ohmic loss of the conductor, Ps is the
dielectric loss, and Prad is the far-field radiated power. Then
the radiation efficiency can be expressed as

η =

(
1+

Pres
Prad
+

Ps
Prad

)−1
. (4)

According to the analysis in [26], the radiation efficiency can
be calculated as follows:

η =

(
(1+

12πR
k4S2

√
ε0

µ0

∑
|In|2(∑
In
)2+ 12π

k4S2

√
ε0

µ0

Ps(∑
In
)2 )
)−1

,

(5)

where S is the closed surface of an arbitrary volume contain-
ing the resonator, R is the resistance of each SRR, and In is the
current of the n-th SRR. Therefore, if the current in the mul-
tilayer SRRs is in the same direction, the radiation efficiency
will increase, otherwise the efficiency will decrease.

FIGURE 2. Configuration of the two-layer magnetic coupled SRRs
resonator. (a) Three-dimensional view, (b) top layer view, (c) bottom layer
view.

TABLE 1. Detail parameters of the two-layer resonator.

III. DESIGN OF RESONATORS
In order to achieve accurate measurement of the dielectric
constant via electromagnetic wave, the resonator with high
sensitivity and high Q characteristics is required. Meanwhile,
to keep the size of the resonator as compact as possible,
the electrically small resonator is preferred owing to its sub-
wavelength size and much higher Q value. As is well known,
the metamaterial is a good candidate for the sub-wavelength
resonator. Herein, the novel SRRs with deep sub-wavelength
dimensions are utilized to construct the resonator.

Based on those, the two-layer magnetic coupled resonator
is shown in Fig. 2, which consists of three parts, i.e.,
the 1.0 mm thick F4BM220 substrate (εr = 2.2, µr = 1,
loss tangent= 0.003), the novel SRRs at the top layer and the
coupled loop on the bottom layer. The electrical size of the
resonator is about 0.067λ0 × 0.067λ0 (λ0 is the wavelength
of the resonant frequency), where the detailed dimensions are
given in Table 1. With excitation through the magnetic closed
loop, it is perfect to make it work in electrically small mode.

The three-dimensional (3-D) configuration of the proposed
resonator is shown in Fig. 2(a). The sample under test (SUT)
with the dimension 10 × 10 × 10 mm3 is placed on the
resonator. The simulated reflection coefficients (i.e., S11) of
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FIGURE 3. Simulated reflection coefficients of three kinds of resonators.

three kinds of resonators (i.e., the proposed two-layer res-
onator, the resonator without loop, and the resonator without
SRRs) are plotted in Fig. 3. The proposed two-layer res-
onator operates with a −10 dB impedance bandwidth from
0.5014 GHz to 0.5034 GHz, i.e., 2 MHz (about a 0.4%
fractional bandwidth and equivalent to a Q-factor of 250).

To study the interactions of the coupled loop and the novel
SRRs, the resonator without coupled loop and the resonator
without SRRs are also investigated, as shown in Fig. 3.
As mentioned in [27], the split ring and the closed loop
operate at the odd mode and the even mode respectively.
Without SRRs, the loop operates at the resonant frequency:
5.217 GHz, with a poor impedance matching (|S11| ≥
−3.0211 dB). For the resonator without loop, the SRRs
resonance at 2.911 GHz, with better impedance matching
(|S11| ≥ −19.1796 dB). When both the coupling loop
and the SRRs present, an extra lower resonant frequency,
i.e., 0.5024 GHz, can be generated, which is 90.37% off-
set relative to the resonant frequency of the loop. With the
sub-wavelength resonator, an excellent impedance matching
(|S11| ≥ −41.0895 dB) and 0.4% fractional bandwidth (extra
250 Q value) can be finally achieved.

The SUT is assumed to be placed at the center of the upper
layer of the resonator, where the electric field distribution
is the maximum on the top of the SRR at 0.5024 GHz as
illustrated in Fig. 4. However, the electric field at the coupled
loop on the bottom looks much weaker and is evenly uniform
throughout the sub-wavelength loop. When the electric field
in the electrically small loop with the size of sub-wavelength
remains uniform, such a loop can be equivalent to a magnetic
dipole. Therefore, it is further illustrated that the proposed
two-layer magnetic coupled SRRs resonator works at electri-
cally small mode. With strong near-filed coupled interaction
between the loop on the bottom and the SRR on the top,
the electrically small SRR is excited by the magnetic fields
along the Z-axis. As the analysis in the Section II, the two
stubs are close to each other and long enough, the electric

FIGURE 4. Electric field distributions of the two-layer resonator at
0.5024 GHz.

FIGURE 5. Far-field radiation efficiency of the two-layer resonator.

field is concentrated along the pair of extended stubs so as
to attain the maximum owing to the displacement current.
Therefore, it is reasonable to infer that placing the SUT in
the maximum electric field (along the pair of stubs) results in
higher sensitivity to the SUT.

However, owing to the characteristics of the resonator with
open environment, the far-field radiation efficiency of the
resonator is an important parameter of concerning. Since the
SUT is usually placed as close as possible to the resonator, to a
large extent, the sensitivity comes from the perturbation of the
near field. If far-field radiation is strong, a small disturbance
from the environment can interfere with the measurement.
In order to avoid the far-field impact on the measurement,
it is necessary to suppress the far-filed radiation as much as
possible. When the impedance matching is good, the far-filed
radiation efficiency can be a good indicator on the degree
of the suppression of far-field radiation. From Fig. 5, one
can see that the maximum radiation efficiency can attain
as high as 12%. Such low radiation efficiency implies a
low level of far-field power radiation, which can in turn
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FIGURE 6. Configuration of the three-layer magnetic coupled SRRs
resonator. (a) 3-D view, (b) top layer view, (c) mid-layer view, (d) bottom
layer view. (The size of the bottom layer is the same as the top layer, and
all the dimensions are the same as the Table 1).

reduce the reflection or scattering of nearby objects from
the environment. As a result, the measurement system has
very good noise immunity. Although the radiation efficiency
is quite low, it is shown later that the disturbance of the
environment can be further reduced by the improved three-
layer magnetic coupled resonator, which is discussed in the
following Section.

IV. THREE-LAYER RESONATOR DESIGN
While the above two-layer magnetic coupled SRRs resonator
achieves the expected goals of high Q factor, high sensitivity
and low far-field radiating level, it would be more desirable to
have an even smaller electrically size, better performance and
higher stability for the measurement. Consequently, a three-
layer magnetic coupled resonator based on SRRs is pro-
posed by virtue of the methodology of the coupled resonator
introduced in Sections II. This design prototype, as shown
in Fig. 6, is an improved version of the two-layer magnetic
coupled resonator. Compared with the configuration in Fig. 2,
the structure size remains the same, but a new SRR element
on the same substrate is added below the excited loop on
the bottom, which has the same sizes but with opposite spit
direction with respect to the SRR on the top.

The simulated reflection coefficients of the three-layer
resonator and the two-layer resonator are compared in Fig. 7.
When the anti-symmetric and opposite-split SRR element
is added, this three-layer magnetic coupled resonator oper-
ates at 0.39 GHz with 1.1422 MHz impedance bandwidth
(from 0.3894073 GHz to 0.3905495 GHz), 0.29% fractional
bandwidth and Q-factor of 345. By comparison with the

FIGURE 7. Simulated reflection coefficients of the two-layer resonator
and three-layer resonator.

FIGURE 8. Electric field distributions of the three-layer resonator at
0.39 GHz. (a) Top view, (b) bottom view.

FIGURE 9. Far-field radiation efficiency of the three-layer resonator.

two-layer resonator, this improved three-layer design has a
22.4% lower resonant frequency and achieves a much higher
Q-factor under the same physical size. Therefore, this three-
layer resonator achieves smaller electrically size than the
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FIGURE 10. Fabricated prototype of the two-layer resonator. (a) Top view,
(b) bottom view.

FIGURE 11. Fabricated prototype of the three-layer resonator.
(a) Top view, (b) bottom view.

previous two-layer design, i.e., its electrically size is as small
as 0.052λ0 × 0.052λ0.
Likewise, the electric field distributions of the top, middle

and bottom layers at resonant frequency, i.e., 0.39 GHz are
studied. As shown in Fig. 8, owing to the introducing of the
anti-symmetry SRR element, the magnetic coupling paths of
the intermediate loop are increased. The coupled magnetic
fields are distributed into the SRRs on the top and the bottom
layers, respectively. The electric field intensity on both SRRs
is weaker than these in the two-layer resonator. Since the
split of the SRR on the bottom is towards the negative Y-axis
and the direction of surface current is opposite to that in the
middle magnetic coupled loop, so the intensity of magnetic
coupling is much weaker than that in the top layer. As seen
in Fig. 8, the maximum electric field distribution of the

FIGURE 12. Simulated and measured reflection coefficients for unloaded
cases (a SUT with a dielectric constant value of 1) with (a) the two-layer
resonator, (b) the three-layer resonator.

three-layer resonator is still located on the top of two parallel
stubs, and thus the SUT position remains unchanged.

In order to show that the newly introduced anti-symmetric
coupled SRR can further effectively suppress the far-field
radiation, the radiation efficiency of the three-layer resonator
is plotted in Fig. 9. The radiation efficiency at resonance
is about 6.3%, which is approximately one half of that in
the two-layer resonator. The reason on this reduction can
be explained by the efficiency expression (5). When the
displacement current of the SRR on the bottom is opposite
to that of the SRR on the top layer, the part of

(∑
In
)2 is

then smaller and the denominator of the expression becomes
larger, thereby leading to smaller radiation efficiency. There-
fore, the proposed three-layer resonator not only has more
compact electrically size but also is more stable, robust and
immune to the noise from the environment.
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FIGURE 13. Simulated reflection coefficients under various dielectric
constant of SUTs. (a) Two-layer resonator, (b) three-layer resonator.

V. EXPERIMENTAL MEASUREMENT
In order to verify the performance of the resonators for per-
mittivity measurement, the experimental prototypes of those
two resonators have been fabricated, as shown in Fig. 10 and
Fig. 11. The two-layer resonator is directly fed by 50 Ohm
SMA connector, while the three-layer resonator is connected
to the magnetic coupled loop on the middle layer through the
metal via and fed by 50 Ohm SMA. The performances of
those two resonators are measured by using Agilent E8363B
vector network analyzer. Since the far-field radiations of
those two resonators are greatly suppressed, the measurement
process can be performed in the open environment.

In the measurement, when the relative permittivity of the
SUT is 1 (i.e., there is nothing on the resonators), both
the simulated and measured reflection coefficients for the
two-layer resonator and the three-layer resonator are shown
in Figs. 12(a) and (b), respectively. It can be seen that,

FIGURE 14. Fitting curves. (a) Two-layer resonator, (b) three-layer
resonator.

the measured results reasonably agree with the simulated
results, the slight frequency deviation (i.e., several MHz)
between the simulated and measured results mainly come
from the dielectric constant uncertainty of the dielectric sub-
strate, the difference of setups such as the feeding definitions
and the irresistible factor in the manufacturing process. The
slight frequency shift between the simulated and measured
results does not affect the measurement of dielectric constant.

To determine the dielectric constant of unknown SUTs,
the fitting method with shifting resonant frequency is used to
retrieve the relative permittivity. The key of this method is to
obtain the formula between the relative shifting resonant fre-
quency and the relative permittivity of the SUTs. Therefore,
a formula for the relationship should be got by polynomial
fitting from the simulated results.

The reflection coefficients under various dielectric con-
stants of SUTs are depicted in Figs. 13(a) and (b) for the
two kinds of resonators, respectively. It can be seen that the
two novel resonators have stable and balanced performance
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TABLE 2. The retrieved results with the two-layer magnetic coupled resonator.

TABLE 3. The retrieved results with the three-layer magnetic coupled resonator.

under different SUTs with various dielectric constants. The
resonant frequencies of the two-layer resonator change from
502.4 MHz to 380.6 MHz (i.e., 24.24% relative frequency
shift), while the resonant frequencies of the three-layer res-
onator change from 390 MHz to 333.3 MHz (i.e., 14.54%
relative frequency shift). However, if one just utilizes the res-
onant frequency shift in the simulation to establish the fitting
polynomial by which the dielectric constant of the unknown
SUTs is calculated with the measured S11, it may lead to
faulty results. The inaccurate results are mainly attributed
to the difference between the simulated resonant frequencies
and the measured ones. Another solution to the problems is
that the relationship between measured resonant frequencies
and the dielectric constants of known samples is used to
obtain the formula. However, this method has great lim-
itations and difficulties, because not only are there many
known samples (i.e., accuracy dielectric constants), but also
it requires recalibration whenever the measured environment
changes.

To circumvent the above difficulties, the relationship
between the simulated relative shifting resonant frequency
(with respect to the reference frequency of the unloaded

cases) and the corresponding dielectric constant used in the
simulation is employed to establish the final fitting poly-
nomial. The resonant frequencies with the unknown SUTs
are firstly measured and then the relative shifting resonant
frequency is calculated to deduce the unknown dielectric con-
stant according to the previously obtained fitting polynomial
formula. The relative shifting frequency1f can be calculated
as

1f =
|fref − f |
fref

, (6)

where fref is the reference resonant frequency, which is usu-
ally the resonant frequency of the unloaded case, and f is the
resonant frequency with the unknown SUT on the resonator.
The simulated and measured resonant frequencies and the
corresponding results of the two kinds of resonators are listed
in Table 2 and Table 3, respectively. The cubic polynomials
are used to fit the simulated data of the relative shifting
frequency versus the corresponding dielectric constant. The
fitting curves are depicted in Figs. 14(a) and (b) for the two
kinds of resonators, respectively. In the fitting process, the
resonant frequencies with dielectric constant of 1 (i.e., the
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unloaded cases) for both resonators are used as the reference
frequencies. As shown in Table 2 and Table 3, the fitting
degrees, i.e., R2, are almost 100%.
In the measurement, the unloaded cases (i.e., with air)

are measured as the references. The resonant frequencies
with the different unknown SUTs such as Teflon, PMMA,
alumina ceramic samples are measured such that the rela-
tive frequency shifts can be calculated by using (6). Finally,
the unknown dielectric constants of different SUTs can
be obtained with the fitting polynomials above. The mea-
sured resonant frequencies of Teflon, PMMA and alumina
ceramic samples with the two-layer resonator are 491 MHz,
464 MHz, and 418.9 MHz, respectively, whereas the ones
with three-layer resonator are 385.6 MHz, 374.5 MHz, and
351.3 MHz, respectively. The relative shifting frequencies in
the loaded cases are listed in two tables. As can be seen from
Figs. 14(a) and (b), the final measured dielectric constants of
three different SUTs with the two-layer resonator are 1.98,
3.68 and 6.98, while the ones with the three-layer resonator
are 2.01, 3.81 and 7.33, respectively. As is well known, the
relative permittivity of Teflon is about 2. It can be seen that the
dielectric constants measured by both resonators are nearly
equal to 2, which validate the accuracy and stability of the
proposed methods. The measured errors are mainly due to
the unavoidable influence from the surrounding environment,
the unavoidable position variationwhere the SUTs are placed,
and so on. Even so, the measured errors in two methods are
quite small and can be considered as acceptable and under
well control.

VI. CONCLUSION
In this work, two kinds of electrically small resonators (i.e.,
two- and three-layer magnetic coupled SRRs) have been
proposed by virtue of novel SRRs to measure the permittivity
of unknown SUTs with the resonant methods. Compared
with the two-layer resonator, the proposed three-layer res-
onator has higher sensitivity, better stability and stronger
anti-jamming ability from the external interference. The
ultralow far-field radiations made the proposed microwave
sensors independent from specific experimental environment.
In the post-processing algorithm, the relative shifting fre-
quencies were used to fit the formula which relates the
dielectric constants to the resonant frequencies, which makes
the measurement system more robust against with the noise
and some unavoidable errors in the measurement. Although
the contact measurement is herein employed to validate
the methods, but it also can be readily to be extended to
the non-contact measurement in the near field. Under the
methodology of multilayer magnetic coupling SRRs, those
proposed novel resonators can be readily applied to higher
microwave and millimeter wave frequencies. With merits
of electrically small size, ultralow far-field radiation, good
stability, robustness against to noise and frequency scala-
bility, these proposed resonators and measurement meth-
ods can be widely applied to many industry practical
applications.
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